It is now well established that the voltage-sensor domains present in voltage-gated ion channels and some phosphatases operate by transferring several charged residues (gating charges), mainly arginines located in the S4 segment, across the electric field. The conserved phenylalanine F 290 located in the S2 segment of the Shaker K channel is an aromatic residue thought to interact with all the four gating arginines carried by the S4 segment and control their transfer [Tao X, et al. (2010) Science 328:67-73]. In this paper we study the possible interaction of the gating charges with this residue by directly detecting their movement with gating current measurements in 12 F 290 mutants. Most mutations do not significantly alter the first approximately 80-90% of the gating charge transfer nor the kinetics of the gating currents during activation. The effects of the F 290 mutants are (i) the modification of a final activation transition accounting for approximately 10-20% of the total charge, similar to the effect of the ILT mutant [Ledwell JL, et al. (1999) J Gen Physiol 113:389-414] and (ii) the modification of the kinetics of the gating charge movement during deactivation. These effects are well correlated with the hydrophobicity of the substituted residue, showing that a hydrophobic residue at position 290 controls the energy barrier of the final gating transition. Our results suggest that F 290 controls the transfer of R 371 , the fourth gating charge, during gating while not affecting the movement of the other three gating arginines.
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F290 | hydrophobic plug | voltage-dependent gating | sensor-pore coupling S ome membrane proteins possess the ability to detect changes in the electrical potential existent in most cellular membranes. These proteins play crucial roles in generating and propagating nerve impulses along neurons and muscles (1) and also in transducing electrical signals into chemical signals (2, 3) . In voltagesensitive ion channels and some phosphatases, this property is conferred by the voltage-sensor domain (VSD), a canonical protein domain formed by four helices named S1 to S4 (4) . The VSD responds steeply to changes in the membrane potential by turning on and off within a few millivolts. This property is conferred by electrical charges, called gating or sensing charges, that feel the electric field across the membrane and drive the VSD into different conformations. The dynamics of the voltage sensor can be studied directly by measurements of the transient currents created by the movements of the gating charges within the electric field (gating currents) (5) .
It is now well established that the gating charges consist of conserved electrically charged residues, mostly positive arginines carried by the S4 segment (6, 7) but also negatively charged glutamic and aspartic acids located in the S2 segment (6) . Although the precise nature and extent of the conformational rearrangement of the VSD remains debated, it is commonly accepted that VSD activation consists mainly in the relocation of the argininesrich S4 helix with little movement of the other helices.
In Shaker K channel the first four outermost arginines of the S4 segment change their exposure from the inside at negative membrane potentials to the outside at positive potentials (8, 9 ). Yet, it is known that the transfer of electrical charges across a cell membrane is quite unfavorable due to the low dielectric environment of the lipid bilayer. How does the voltage sensor circumvent this problem? The crystal structure of Kv channels (10, 11) and molecular dynamics modeling of the structures in membranes (12) show that the gating charges are not exposed to the hydrophobic part of the lipid bilayer. Instead, the gating charges reside in aqueous crevices, and they translocate across a focused electric field (13) (14) (15) (16) (17) spanned by a short distance where hydrophobic residues form a hydrophobic plug blocking a "gating pore" (18, 19) . The stabilization of the gating charges in either side of this narrow hydrophobic region is thought to be promoted by electrostatic interactions between the positive gating charges and negatively charged residues in other VSD segments, water in the crevices, and also negatively charged phospholipids (20) .
F 290 is a well-conserved aromatic residue located at the bottom of the S2 segment of the Shaker channel (Fig. 1A ) that faces the intracellular side of the hydrophobic plug (18) . In the Kv1.2 structure, the aromatic group of this residue is part of a hydrogenbonding network with conserved basic residues in S2 and S3 and thus was anticipated to be involved in the gating charge transport (11) . Recently, the conductance (G) vs. voltage (V ) (G − V ) relations of F 290 mutants confirmed the importance of this residue in channel activation. From this study, a gating mechanism where a rigid cyclic side chain at position 290 interacts sequentially with the four gating arginines was proposed (21) . However, the nature of the interaction between F 290 and the gating charges remains unknown. Moreover, in the voltage-gated channel KvAP, which exhibits normal voltage dependence of activation (22) , a leucine is present at the position homolog to F 290 (Fig. 1A) . Therefore, the validation of this model requires more investigation.
Here we explored the role of this residue by directly measuring the gating currents of 12 F 290 mutants and analyzed the corresponding charge (Q) vs. voltage (V ) (Q − V ) curve and gating currents kinetics during activation and deactivation. Our results show that the F 290 mutations do not significantly alter the kinetics nor the voltage dependence of most of the charge movement during activation. These mutations alter the last approximately 10-20% gating transition during activation and dramatically change the deactivation kinetics, showing that, in contrast to its previously proposed role, F 290 normally controls the energy barrier of only a final gating charge transition. Our data suggest that this transition corresponds to the transfer of R 371 , the fourth gating arginine. We show that the effects of F 290 mutants are cor-related with the hydrophobicity of the lateral chain of the substituted residue, inconsistent with a direct interaction of F 290 with the positive arginines but consistent with a probable role in shaping the electric field inside the voltage sensor.
Results
Voltage Sensing in F 290 Mutants. We measured the gating currents of 12 F 290 Shaker mutants (F to W , Y , I, S, C, M, N, A, G, V , L, and Q) expressed into Xenopus oocytes using the cut-open voltage-clamp technique (23) . These mutants were chosen based on their reported high expression (21), a requirement for gating current measurements. Raw gating current traces during activation and deactivation are displayed in Fig. 1 B-D for representative mutants. The integration of the gating currents over time determines the amount of charge displaced for each voltage pulse. Typically, the Q − V curve displayed for a voltage-gated channel can be approximately fitted by a two-state Boltzmann function and graphically shows a steep sigmoid relationship. Fig. 2 A-E shows the Q − V curves for each tested F 290 mutant. For most mutants, the charge movement starts at voltages between −80 and −60 mV, similar to wild-type channels that have a Phe in position 290. The only substitution showing a significant change in the initiation of the charge movement is F 290 W , where charge movement occurs at voltages more negative than −100 mV (Fig. 2A) . The effects of all other F 290 mutations appear in a late gating transition, at more depolarized potentials. The substitution of F 290 for T, M, N, and L, for instance, produces a shallower turn of the Q − V curve in the positive range (Fig. 2B ), whereas the substitution for I, G, S, A, Q, and V exhibits Q − V curves with a bisigmoid shape ( Fig. 2 C-E), isolating a late component of the gating charge movement. In the latter case, the fraction of the total charge contained in this component is not very different among the different mutants and represents approximately 10% to approximately 22%.
To characterize the components revealed by the F 290 mutations, the Q − V curves of all F 290 mutants were fitted to a sum of two Boltzmann distributions (see SI Text) and an example is shown in Fig. 2F for the case of F 290 A. For each mutant, the fit provided the values V 0 and V 1 corresponding, respectively, to the midpoint of the main gating transition and to the midpoint of the minor gating component (Fig. 3A) . The fitting also gave the apparent valences Z 0 and Z 1 of the main and the minor gating component, respectively (see Table S1 ), which indicate the steepness of the main and the minor gating component. It is noteworthy that the changes among F 290 mutants are mostly in the value of V 1 with little variation of V 0 (Fig. 3A) . Also, the V 1 values correlate well with the midpoint of the conductance (G) vs. voltage curves (G − V ) reported previously (21) . These results indicate that the F 290 mutants control a late gating component during activation that is associated with pore opening.
If F 290 were to control the transfer of all the gating charges across the electric field in wild-type Shaker channels as proposed by Tao et al. (21), one would expect that the F 290 mutations would affect the kinetics of the gating currents. We thus determined the speed of the voltage-sensor movement in F 290 mutants during activation and also during deactivation, when fully activated channels return to their resting state. Deactivation was studied by prepulsing for 30 ms at a potential strong enough (þ100 mV or þ150 mV) to move all the gating charges during activation (see Methods and Fig. 1 B-D) according to the corresponding Q − V curves shown in Fig. 2 A-E. The gating currents were fitted with a simple or double exponential function for each test pulse. In the case where a double exponential function was used, a unique time constant was calculated by averaging the two time constants weighted by their relative amplitudes. Fig. 2F shows the results for the mutant F 290 A; the results for all the other mutants and wild-type channels are shown in Fig. S1 . The maximum values for the time constant during activation (T A ) and deactivation (T D ) (see Fig. 2F ) were used to compare the speed of activation and deactivation among different mutants. Fig. 3B shows that T D is dramatically affected by the F 290 mutations, whereas little change in T A is observed. The most notable kinetic effect on the gating current kinetics during activation is the appearance of a small slow component for some F290 mutants at very positive potentials (Figs. S1 and S2). This slow component corresponds to the transfer of the isolated gating charge. Fig. 3C shows a significant positive correlation (R ¼ 0.83) between V 1 and the ratio T A ∕T D . For all the F 290 mutants, as the mutant channel becomes less efficient to open (V 1 higher) the ratio T A ∕T D increases, consistent with the notion that F 290 controls the energy barrier of the last gating transition that ultimately couples VSD motion to pore opening. We further investigated a possible correlation between the nature of the amino acid inserted at position 290 and its effect on channel gating. Fig. 3D shows a significant negative correlation (R ¼ −0.80) between V 1 and the hydrophobicity of the side chain of the residue previously determined experimentally (24) . These correlations among V 1 , T D , and the hydrophobicity of the substituted residues indicate that a more hydrophobic side chain at the position of F 290 favors the fully activated state of the VSD (V 1 more negative and T D larger). The Origin of the Late Gating Charge Component. It is possible to uncouple the voltage-sensor movement and pore opening in Shaker channels by stabilizing a preopen state of the channel with 4-aminopyridine (4-AP) (25, 26) or by introducing three simultaneous mutations at the C terminal of the S4 segment (V 369 I, I 372 L, and S 376 T (ILT) (27) . Pore blocking by 4-AP and the ILT mutations do not prevent most of the voltage-sensor movement, but in either case they isolate a small gating charge transition that represents approximately 10% of the total charge (Fig. 4A ). This small component is known to correspond to a final transition that appears simultaneously in all four subunits and open the ion permeation pathway in a single step rather than four independent steps (27) (28) (29) . It is noteworthy that the fraction of the charge contained in this coupling transition is very similar (Fig. 2 D and E) or nearly undistinguishable to the fraction isolated by the F 290 G mutant (Fig. 2C) . Therefore it is reasonable to hypothesize that F 290 controls the same coupling transition isolated by the ILT mutations or by 4-AP blockade.
We thus studied the effect on gating of combining the ILT and F 290 mutations. The Q − V and G − V plots of the ILT∕F 290 T double mutant show that the late gating component is shifted to even more positive potentials compared to ILT channels (Fig. 4B) . In fact, the shift was so large that a full resolution of the Q − V required pulsing the voltage beyond þ180 mV, which was not practical. Similarly, it was not possible to determine a voltage value giving the maximal conductance; thus the conductance vs. voltage plots depicted in Fig. 4B do not reflect the true G − V curve for this mutant. Nevertheless, these results show that the effects of ILT and the F 290 mutant are essentially additive.
What is the molecular origin of the charge moving in this coupling transition? In Shaker, the positive gating charges are essentially carried by four arginines residues R 362 (R1), R 365 (R2), R 368 (R3), and R 371 (R4) distributed along the S4 helix. It is therefore reasonable to hypothesize that the gating component isolated by the F 290 mutants, which represents 10-22% of the total charge, corresponds to the passage of R4 across the membrane electric field. Interestingly, we found that the isocoulombic mutation R4K produces a split in the Q − V curve, isolating a late component that represents approximately 22% of the total charge (Fig. 4 C and E) . This fraction of the gating charge is identical to the component isolated by the F 290 A and F 290 S substitution (Fig. 2D) . This dramatic effect for a conservative mutation explains the large positive shift of the G − V curve previously observed in R4K channels (30) (also see Fig. 4 E and F) but absent in R1K, R2K, and R3K channels, the latter exhibiting Q − V and G − V curves very similar to wild-type channels (7, 30) .
We further investigated whether the fraction of the charge isolated by the R4K mutation is additive to the one isolated by the F 290 T mutation. Fig. 4D displays gating current recordings for the double mutant R4K∕F 290 T and Fig. 4F compares the Q − V and G − V plots of the R4K∕F 290 T and the R4K mutants. In the double mutant, the G − V curve is shifted to negative voltages compared to R4K channels, and its Q − V curve does not display a split but resembles that of the simple mutant F 290 T (Fig. 2B) substitution (see Fig. S3 ). These results thus indicate that the R4K phenotype depends on the residue at position 290, suggesting that F 290 controls the passage of R4 in wild-type channels.
Discussion
This study aimed at investigating the role of a conserved phenylalanine residue in the S2 segment of the voltage sensor, F 290 , in Shaker K channels in facilitating the transfer of the S4 arginines during gating. Our results show that F 290 is not required to transfer most of the gating charge (approximately 80-90%) but rather finely controls a final gating transition representing only approximately 10-20% of the total charge. This is in contrast to the hypothesis put forward by Tao et al. (21) based on a study where the effects of mutations of F 290 were tested only in the voltage dependence of the conductance. As in the conductance one sees only the last step; one cannot infer unequivocally how every component of the gating charge moves. The authors assumed that F 290 controls the transfer of all four gating arginines, thus controlling the entire S4 movement. This assumption led to a model that is incompatible with the experimental results presented here. Furthermore, by proposing equivalent gating transitions for all four gating charges, their model also fails to explain the experimentally measured gating shots of 2.4e 0 during gating that demonstrated that the gating transitions underlying S4 movement during activation do not carry the same amount of charge (31) .
In the Tao et al. (21) gating model, more favorable interactions exist between F 290 and the S4 arginines and between W 290 and lysines in position 1 or 5 (R1K and K5). Interestingly, the F 290 W mutant is the only mutation we found to significantly affect the main component of the Q − V curve. The effect of the F 290 W mutation suggests that a Trp at this position creates an interaction with K5, further stabilizing the activated conformation of the voltage sensor. Because the negative results they obtained for a cation-П interaction at position 290 were based on benzyl derivatives but not on indole derivatives, it is conceivable that a cation-П interaction forms between the indole group of Trp 290 and the positive amino group of K5. This hypothesis is further supported by the fact that a tyrosine or leucine residue can be found besides phenylalanine at the position of 290 in known voltage-sensor sequences (Fig. 1A) , but not tryptophan. Tryptophan at position 290 was not found in any of the 315 voltage-gated ion-channel-related sequences available in the pfam database (pf00520, http://pfam.sanger.ac.uk/).
We show here that the gating charge component controlled by the residue present at position 290 is similar or in same cases identical to the component isolated by the ILT mutations, 4-AP or the R4K mutation. To us, this suggests that, in each case, the gating perturbation is due to the immobilization of the fourth charge. The small differences in the relative proportion of the isolated component by the different mutations and 4-AP could be explained assuming that the motion of R4 is stopped at slightly different positions relative to the electric field depending on the side chain in position 290, thus isolating a slightly different fraction of the total charge. This hypothesis is largely reinforced by multiple evidences showing that the electric field is strongly focused inside the voltage sensor (8, 9, 13, 15-17, 32-34), forming a hydrophobic plug. Thus, a movement of the positive lateral chain of R4 even a few angstroms within this plug could engender a significant fraction of the channel's gating currents.
The gating charge immobilization by the F 290 T mutant is additive to the gating charge immobilization by the ILT mutations. These results show that the effects of the ILT and F 290 T mutations are independent and therefore the ILT residues must be in a different pathway than the F 290 T mutation during S4 motion. Recently, the gating charge movement in Shaker was shown to strongly depend on the hydrophobicity of the residues intercalated between the S4 charges (35) . Because the ILT substitutions (V 369 I, I 372 L, and S 376 T) are located near R3 (R 368 ), R4 (R 371 ), and K5 (K 375 ), it is possible to envisage that the phenotype of the ILT mutant is related to a change in the hydrophobicity in this region. On the other hand, the gating charge immobilization by the F 290 T or F 290 A mutation is canceled by the R4K mutation, suggesting that the lateral chain of the residue present at position 290 is positioned in the same pathway as R4K. Less hydrophobic residues at position 290 produce faster deactivation kinetics relative to activation, whereas more hydrophobic ones produce slower deactivation kinetics relative to activation. However, the F 290 mutations have little effects in the activation time constant. These observations indicate that during activation, the main rate limiting transition for the gating charge transfer is the movement of the first (main) fraction of the charge but not the late (minor) fraction, which is the last to cross the electric field. In contrast during deactivation, this minor component is the first to cross the field, and therefore its transfer represents a rate-limiting gating transition. In wild-type Shaker, the deactivation gating currents measured from open channels are normally slowed down compared to activation measured from resting channels (36) . This phenomenon was recently shown to involve intersubunit interactions between the C-terminal portion of the S4 and the S6 segment (37) , which are created concomitantly to pore opening. Here, we show that the F 290 mutations that produce the strongest immobilization of the late gating transition also produce the fastest deactivation gating kinetics. This observation supports our hypothesis that F 290 controls the energy barrier of the final gating charge transition during activation, which becomes the initial gating transition during deactivation.
Several lines of evidences support the notion that the S4 segment adopts a 3 10 conformation during the gating charges transfer (11, 12, 38, 39) . A direct consequence of the S4 moving as a 3 10 helix is that the lateral chains of the arginines are lined up along one face of the S4. However, in our interpretation, Phe290 controls the transfer of R4, suggesting that the latter is not moving in the same pathway as R1-R3. This seems paradoxical if one considers the 3 10 helix hypothesis where R1-R4 point in the same direction. However, this paradox exists solely if the S4 helix moves linearly as a rigid body without rotation/tilt and in the direction of its own axis during gating. Although the exact motion of S4 is still debated, there is evidence that the S4 movement has several spatial components (tilt and rotation) during its vertical ascension. Therefore our interpretation that R4 is not moving in the same pathway as R1-R3 does not exclude a S4 movement in a 3 10 helix conformation.
The gating charge immobilization by F 290 mutants depends on the hydrophobicity of the substituted residue such that the transfer of the last charge is easier when a more hydrophobic side chain is present. This observation does not support a direct interaction of a hydrophobic residue present at position 290 with the positively charged arginines. The negative results of a possible cation-П interaction mediated by F 290 (21) is another evidence against a direct interaction. In a refined native structure of Kv1.2, F 290 is located at the lower end of the hydrophobic plug (18) . Therefore, we propose that a hydrophobic residue at the position of F 290 defines the intracellular boundary for the hydrophobic plug and that this function is better fulfilled with more hydrophobic lateral chains, which help in maintaining a low dielectric barrier. In summary, our study singles out the hydrophobicity of the residue present at position F 290 in Shaker K channels as a critical molecular determinant that controls the final gating transition of the voltage sensor that normally produces channel opening and also helps in stabilizing the open state of the pore.
Methods
Mutagenesis and Expression in Xenopus oocytes. All mutations were introduced by PCR using degenerated primers (Quick Change, Stratagene) from a pBSTA plasmid encoding the N-type inactivation removed (Δ6-46) version of the Shaker K þ channel and modified as previously described (8) . For gating current measurements, the cDNA contained the additional W434F mutation that prevents ion conduction (40) . Positive clones were identified by sequencing the entire Shaker cDNA. Mutated cDNAs were linearized with a unique Not1 restriction site (enzyme purchased from New England Biolabs) and transcribed into cRNAs using a T7 RNA expression kit (Ambion). Thirty to 50 ng of cRNA were injected into Xenopus oocytes usually 24 h after their surgical extraction from adult frogs. Injected oocytes were maintained before recordings in a standard oocytes solution containing 100 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , and 10 mM Hepes at pH 7.5 for 2 to 6 d at 16.5°C.
Electrophysiological Recordings and Data Analyses. Electrophysiology experiments were made using the cut-open voltage-clamp method (23) . For gating current recordings, the internal solution was 115 mM N-methyl-D-glucamine (NMG) methanesulfonate (MES), 2 mM EGTA, and 10 mM Hepes pH 7.5; the external solution contained 115 mM NMG-MES, 2 mM Ca-MES, and 10 mM Hepes pH 7.5. For 4-AP experiments, 1 mM of 4-AP was added in the external solution while the holding potential was raised to 0 mV for 2 min. Typical holding potentials were −80 or −90 mV. Activation gating was induced by prepulsing for 60 ms to −120 mV or −140 mV prior a test pulse of þ10 mV increment to more positive potentials. Deactivation gating was induced by prepulsing for 30 ms to þ0 mV (wild-type Shaker, F 290 Y and F 290 W), þ100 mV (F 290 T, F 290 M, F 290 A, and F 290 L), or þ150 mV (F 290 Q, F 290 V, F 290 I, F 290 G, F 290 S, and F 290 A). For ionic current recordings, the external solution contained 11.5 mM K-MES, 103.5 mM NMG-MES, 2 mM Ca-MES, and 10 mM Hepes pH 7.5 and the internal solution contained 115 mM K-MES, 2 mM EGTA, and 10 mM Hepes pH 7.5. The recording pipette resistance was 0.8 to 1.5 MΩ. Data were acquired at a sampling frequency from 30 to 100 kHz and filtered online at 5 to 20 kHz using a low pass Bessel filter mounted in the amplifier (Dagan). For gating current recordings, capacitive transient currents were subtracted online using the P/4 method when possible. Data were stored and analyzed using in-house software.
